The transition from flowering to fruit production, namely fruit set, is crucial to ensure successful sexual plant reproduction. Although studies have described the importance of hormones (i.e. auxin and gibberellins) in controlling fruit set after pollination and fertilization, the role of microRNA-based regulation during ovary development and fruit set is still poorly understood. Here we show that the microRNA159/ GAMYB1 and -2 pathway (the miR159/GAMYB1/2 module) is crucial for tomato ovule development and fruit set. MiR159 and SlGAMYBs were expressed in preanthesis ovaries, mainly in meristematic tissues, including developing ovules. SlMIR159-overexpressing tomato cv. Micro-Tom plants exhibited precocious fruit initiation and obligatory parthenocarpy, without modifying fruit shape. Histological analysis showed abnormal ovule development in such plants, which led to the formation of seedless fruits. SlGAMYB1/2 silencing in SlMIR159-overexpressing plants resulted in misregulation of pathways associated with ovule and female gametophyte development and auxin signalling, including AINTEGUMENTA-like genes and the miR167/ SlARF8a module. Similarly to SlMIR159-overexpressing plants, SlGAMYB1 was downregulated in ovaries of parthenocarpic mutants with altered responses to gibberellins and auxin. SlGAMYBs likely contribute to fruit initiation by modulating auxin and gibberellin responses, rather than their levels, during ovule and ovary development. Altogether, our results unveil a novel function for the miR159-targeted SlGAMYBs in regulating an agronomically important trait, namely fruit set.
INTRODUCTION
Fruit set, defined as the shift from the quiescent ovary to a fast-growing young fruit, is a key process to ensure successful sexual plant reproduction (de Jong et al., 2009) . Fruits are generated through the developmental collaboration between ovules (the developmental precursors of seeds) and carpels (the precursors of the fruit body). Signalling triggered by pollination is usually required to initiate seed and fruit development (Gillaspy et al., 1993; Raghavan, 2003) . Subsequently, fruit growth depends, at least in part, on the coordinated action of phytohormones [mainly auxin, gibberellin (GA) and cytokinin] produced in the ovary and seeds after pollination and fertilization (Gillaspy et al., 1993; Garcıa-Martınez and Hedden, 1997; Mariotti et al., 2011) . Recently, ethylene has been also implicated in fruit set (Shinozaki et al., 2015) .
Although developing seeds have a major role in fruit development, examples of seedless fruits do exist in wild and cultivated species. A fruit is considered to be seedless if it is able to grow with no seeds, traces of aborted seeds, or a much-reduced number of seeds (Varoquaux et al., 2000) . Seedless fruits are generated through two main mechanisms: (i) parthenocarpy, in which fruits develop in the absence of fertilization, as in cultivated pineapples, some Citrus cultivars, and bananas; and (ii) stenospermy, in which pollination and fertilization are necessary, but embryos are unable to form or abort before seed formation, as in seedless grapes. Seedless fruits are not only interesting from a developmental perspective, but they are also a desirable agronomical trait. Given that fruit set depends upon pollination and fertilization and that both can be affected by environmental conditions (Stevens and Rick, 1986 ), a reduced dependency on these factors might represent an improvement in fruit production (Varoquaux et al., 2000; de Jong et al., 2009) . Nevertheless, plants must have an intrinsic or acquired ability to maintain fruit development in the absence of seed formation (Varoquaux et al., 2000) .
Pioneer experiments of Gustafson (1936) demonstrated that treatment of stigmas from several species, including the 'fleshy fruit model' tomato (Solanum lycopersicum L.), with substances similar to auxins induced parthenocarpy. Later, Wittwer et al. (1957) demonstrated that GAs can trigger parthenocarpy. In parthenocarpic tomato mutants, these hormones probably reach threshold levels before pollination, allowing seedless fruit production (Gustafson, 1939; Nitsch et al., 1960; Mapelli et al., 1978) . Parthenocarpic mutants usually show altered expression of genes involved in auxin or GA biosynthesis or signalling (Pandolfini et al., 2007) . For instance, fruits from the entire mutant are parthenocarpic due to the lack of SlIAA9 function. SlIAA9 belongs to Aux/IAA gene family, and its downregulation in entire indicates that SlIAA9 is important to mediate auxin responses during fruit set (Wang et al., 2005; Zhang et al., 2007; Mazzucato et al., 2015) . Parthenocarpy in tomato pat mutants is associated with high levels of active GA in non-pollinated ovary due to misexpression of GA metabolism-associated genes (Fos et al., 2000; Olimpieri et al., 2007) . The procera (pro) mutant has a point mutation at the GRAS domain of the unique tomato DELLA protein-coding gene, which leads to constitutive GA response. As a result, pro produces parthenocarpic fruits at high rates (Bassel et al., 2008; Jasinski et al., 2008; Carrera et al., 2012) .
Hormones act together with transcription factors (TFs) during fruit development (Ma et al., 2014) . Interestingly, some TFs associated with hormone responses are posttranscriptionally modulated by microRNAs (miRNAs; Liu et al., 2014) . miRNAs are a group of small non-coding RNAs (20-22 nt) that act modulating gene expression in animals and plants (Lagos-Quintana et al., 2001; Jones-Rhoades et al., 2006) . Complex regulatory networks targeted by miRNAs are crucial for several steps of plant development, including those associated with the patterning of floral organs (Silva et al., 2014; Damodharan et al., 2016) . Recent reports showed that miRNA-regulated pathways (or miRNA modules; Rubio-Somoza and Weigel, 2013; ) are associated with fruit development (Silva et al., 2014; Ripoll et al., 2015; Damodharan et al., 2016) . For instance, transgenic tomato lines overexpressing MIR167 are unable to generate fruits. MiR167-targeted AUXIN RESPONSE FACTOR6 and -8 ('ARF6/8') regulate auxin signalling during fruit initiation not only in tomato but also in Arabidopsis and eggplant (Goetz et al., 2007; Liu et al., 2014; Du et al., 2016) . Interestingly, the expression of miR167 and ARF6/8 genes is patterned by GAMYB TFs during Arabidopsis flower maturation (Rubio-Somoza and Weigel, 2013) .
GAMYB genes belong to the R2R3 MYB domain TF family. They were firstly identified in barley aleurone cells, and have been shown to be regulated by GA and the micro-RNA159 family in different tissues and species (Gubler et al., 1995; Tsuji et al., 2006; Alonso-Peral et al., 2010) . GAMYB genes are highly conserved and play important roles in diverse developmental processes, including anther development and floral transition (Alonso-Peral et al., 2010; Aya et al., 2011; Li et al., 2013) . In strawberry, miR159-targeted GAMYBs seem to act in a cooperative fashion with GA to promote flower receptacle development (Csukasi et al., 2012) . Tomato SlGAMYB1 (Solyc01 g009070) and SlGAMYB2 (Solyc06 g073640) ('SlGA-MYB1/2'; Gong and Bewley, 2008) were shown to be targeted by miR159 (Karlova et al., 2013) , but there is no information regarding their functions or interactions with phytohormones during ovary development.
In this work, we show that miR159-targeted SlGAMYB genes are important for ovule development and fruit set. We found that miR159 and their targets were differentially expressed during flower and ovary development, indicating a dynamic regulation of the miR159/GAMYB module during early stages of fruit development. Overexpression of the SlMIR159 precursor in tomato cultivar Micro-Tom (MT) downregulates SlGAMYB1 and -2 genes in developing ovaries, leading to earlier fruit initiation and parthenocarpy. Seedless fruits in SlMIR159-overexpressing plants were likely a consequence of ovule development arresting and modified responses to auxin and GAs. Misregulation of the miR167/SlARF8a module by repressing (159-OE plants) or de-regulating GAMYB genes (MIM159 plants) likely led to altered auxin responsiveness in ovaries. Altogether, these results unveiled a new function for the miR159/SlGAMYB module and showed that a coordinated molecular circuit involving miRNA-associated modules and phytohormones is essential for fruit initiation.
RESULTS
miR159 and miR159-targeted GAMYB genes are dynamically expressed during tomato flower and ovary development
Although it has been shown that the GAMYB genes regulate some aspects of plant development (Murray et al., 2003; Achard et al., 2004; Aya et al., 2009; Alonso-Peral et al., 2010) , the possible roles of miR159-targeted GAMYB genes on ovary development and fruit set are unknown. To initially address the possible functions of the miR159/SlGA-MYB module on tomato fruit development, we evaluated the expression profiles of miR159, SlGAMYB1 and SlGAMYB2 during ovary and fruit development. They were expressed throughout ovary development and also in fruits, though at variable levels ( Figure 1 ). For instance, miR159 accumulated at high levels in preanthesis ovaries, while it was barely detected in postanthesis ovaries and fruits at breaker stage (Figure 1a) . Whereas the expression (a) of SlGAMYB1 was modestly reduced in preanthesis ovaries, SlGAMYB2 transcripts seemed to accumulate at higher levels in flower buds when compared with developing ovaries and fruits at breaker stage ( Figure 1a) . Although there is no simple correlation between the levels of miR159 and SlGAMYB1/2 expression in postanthesis ovaries and fruits, the higher miR159 accumulation observed in preanthesis ovaries (Figure 1a ) likely contributes to dampen SlGAMYB1/2 expression in this developmental stage.
Given that miR159 and targets were expressed in flower buds and developing ovaries (Figure 1a) , we decided to evaluate in greater detail their spatial/temporal expression in early stages of flower development by in situ hybridization. Mature miR159 transcripts were localized in developing placenta and stamen primordia tissues (Figure 1b) . Similarly, SlGAMYB1 mRNA was detected, though at low levels, in developing placenta (mainly in the margins, from which ovules will arise), and pollen mother cell (PMC) tissues of young buds (Figure 1c ). At later stages of flower development, miR159 transcripts were localized in developing ovules and pollen grains (Figure 1e ). At similar developmental stages, SlGAMYB1 expression was also confined to pollen grains and developing ovules (Figure 1f) , similarly to expression patterns of Arabidopsis miR159-targeted MYB33 (Gocal et al., 2001) . Control probe developed no hybridization signals (Figure 1d and g ), which confirmed the specificity of the observed expression patterns. SlGAMYB1 and SlGAMYB2 were also expressed in placenta and ovules of Solanum pimpinellifolium developing flowers ( Figure S1a ; Pattison et al., 2015) , supporting their expression patterns in female reproductive organs. Our results indicated that miR159 and SlGAMYBs are co-expressed in developing flowers, suggesting that miR159 acts by dampening SlGAMYB expression rather than spatially restricting its expression. Therefore, miR159/ SlGAMYB module may have a role(s) in ovary and ovule development, and consequently in tomato fruit set.
Overexpression of SlMIR159 alters ovule development and induces parthenocarpy in tomato
The miR159 family is highly conserved in land plants (Cuperus et al., 2011) . Arabidopsis thaliana has three miR159 precursors, each of which generates a distinct mature sequence (miR159a, -b and -c; Jones- Rhoades et al., 2006) . To identify potential tomato miR159 precursors, we mined the tomato genome using Arabidopsis miR159 mature sequences as queries (see Experimental procedures). We found only one miR159 precursor, which is the same as previously deposited in miRbase version 21 (http:// www.mirbase.org), and it is localized at the coordinates 67733015 to 67733192 in the chromosome 3 (Tomato Genome Consortium, 2012). Tomato miR159 precursor (SlMIR159) showed the potential to generate a 21-nt miRNA identical to Arabidopsis miR159a, and this was further confirmed by identifying the mature 21-nt miR159 (ID S26397462) in publicly available database for tomato small RNAs (Figure S2a and b; http://ted.bti.cornell.edu/ cgi-bin/TFGD/sRNA/sRNA.cgi). SlMIR159 was highly expressed in MT inflorescence tissues when comparing with leaf tissues ( Figure S2c) .
In Arabidopsis, AtMIR159a overexpression downregulates GAMYB-like genes MYB33 and MYB65 and, as a consequence, plants display delayed flowering. Moreover, AtMIR159a-overexpression in Arabidopsis was associated with a progressive darkening of the stamens (Palatnik et al., 2003; Achard et al., 2004) . To investigate the possible roles during flower and fruit development of miR159-targeted SlGAMYB1 and -2 -which are closely related to MYB33 and MYB65 ( Figure S3 ) -we generated several independent transgenic lines of tomato cv. MT overexpressing SlMIR159 under the control of the CaMV35S promoter (159-OE; see Experimental procedures). To evaluate flower and fruit phenotypes in plants at T0 generation, we generated transgenic plants harbouring the empty vector pk7WG2.0 as a control (pk2 plants; see Experimental procedures).
As expected, all transgenic 159-OE plants accumulate high levels of miR159 transcripts. We analysed in detail plants #5 and #7, which showed similar and moderate miR159 accumulation when comparing with other transgenic events ( Figure S4a ). In agreement with previous reports (Palatnik et al., 2003; Achard et al., 2004) , 159-OE plants showed reduced expression levels of miR159-targeted SlGAMYB1 and -2 (Figure 2a ). Most 159-OE independent plants were shorter than pk2 control or MT plants ( Figure S4b ), similarly to vegetative phenotypes reported for the rice gamyb mutant (Tsuji et al., 2006) . Similarly to AtMIR159a-overexpressing Arabidopsis plants (Achard et al., 2004) , tomato 159-OE plants (represented by plant #7) displayed smaller flowers with dark stamens ), when comparing with MT and pk2 plants . Nonetheless, all 159-OE plants exhibited precocious fruit set prior to anthesis (Figure 2i ), which was observed neither in pk2 nor MT plants ( Figure 2h ). In most cases, the fused stamen cones were torn open by the developing fruit in 159-OE plants ( Figure 2i ). Importantly, earlier fruit set was not previously associated with the miR159/GAMYB module and suggests a novel role of miR159-targeted SlGAMYB genes in fruit initiation.
Therefore, we focused on examining ovary and fruit development in 159-OE plants. Fruits from 159-OE transgenic plants displayed normal morphology, with mediolateral and proximal-distal dimensions comparable with those from pk2 control fruits ( Figure S4c and d) . Strikingly, all 159-OE transgenic plants displayed a proportion of 100% of seedless fruits ( Figure S4e ), while MT and pk2 plants produced about 2.0% of seedless fruits (n = 120 fruits). This observation suggested that GAMYB genes may be significant components of seed formation and fruit set in tomato. Given that seedless fruits can be generated by parthenocarpy and/or stenospermy (Varoquaux et al., 2000) , we tested these possibilities by emasculating several 159-OE, pk2 and MT flowers at preanthesis stage to determine whether 159-OE early ovary growth ( Figure 2i ) depends on pollination and fertilization. Whereas 100% of 159-OE ovaries were able to grow out and produce seedless fruits (Figure 3a) , no pk2 or MT flowers were able to generate fruits from emasculated flowers. This finding indicated that fruit set in 159-OE plants is uncoupled from pollination and fertilization, as it takes place even in their absence. The downregulation of SlGAMYB genes may activate a pollination-independent developing program in 159-OE ovaries, leading to parthenocarpy. Given that fruit set is initiated by the pollination process (O'Neill and Nadeau, 1997) and 159-OE plants showed dark stamens ( Figure 2f and g), which may affect pollen release, we carried out experiments to verify whether 159-OE parthenocarpy was facultative, obligatory or a consequence of little pollen release. We cross-pollinated 159-OE and pk2 flowers with pollen from MT ( Figure 3b ) and M82 flowers. While 100% of the fruits generated by 159-OE flowers were parthenocarpic, all pk2 flowers produced seeded fruits using pollen from both cultivars (MT and M82), indicating that parthenocarpy in 159-OE plants is obligatory. This phenotype was distinct from that observed in AtMIR159a-overexpressing Arabidopsis plants, which produce fertile siliques when pollinated with WT pollen (Achard et al., 2004) .
Ovary and ovule development are closely associated with fruit set (Wang et al., 2009) . To investigate the possible origin of the obligatory parthenocarpy in 159-OE fruits, we analysed tissue sections of preanthesis ovaries from transgenic and MT ovules at similar developmental stages, and quantified the ovule and embryo sac areas (Sage et al., 2006) . Our data revealed that ovule area was similar between control and 159-OE plants ( Figure S5 ). Nonetheless, ovules from 159-OE ovaries displayed abnormal growth of the embryo sac when comparing with MT or pk2 ovules at similar developmental stages, which may have led to ovule development arresting (Figure 3c and d; Shi and Yang, 2011) . Ovules are derived from meristematic regions of placenta tissues (Cucinotta et al., 2014) . MiR159 and SlGAMYB1 transcripts were found early in developing placenta tissues and ovules ( Figure 1) . Thus, the downregulation of GAMYB genes in 159-OE ovaries may have compromised genetic pathways that contribute to ovule formation and development. Given that Arabidopsis AINTE-GUMENTA (ANT) gene is an APETALA2-like TF required for ovule and integument initiation (Elliott et al., 1996) , it is reasonable to assume that its closest tomato homologues (Solyc02g092050 and Solyc04 g077490; Figure S6 ; Karlova et al., 2011) , which were expressed in placenta and ovules ( Figure S1b ; Pattison et al., 2015) , have conserved functions in tomato ovary and ovule development. To check this possibility, we evaluated the expression of Solyc02 g092050 and Solyc04 g077490 in preanthesis ovaries of 159-OE plants. The observed downregulation of both AIN-TEGUMENTA-like genes (Figure 3e and f) may have compromised ovule development in 159-OE flowers.
Levels of auxin and GA do not change in 159-OE preanthesis ovaries
Ovaries of 159-OE plants seemed to de-repress cell division and initiated fruit growth earlier than MT and pk2 ovaries, even in the absence of developing seeds (Figures 2 and 3 ). This phenotype is reminiscent of developing ovaries with altered levels of auxin and GA (Gorquet et al., 2005; Srivastava and Handa, 2005; Serrani et al., 2007) . To evaluate whether levels of these phytohormones were modified in the transgenic ovaries, we quantified auxin and GA levels using HPLC-MS/MS in preanthesis ovaries of pk2 and two independent 159-OE transgenic plants. Interestingly, no significant changes in hormone levels were observed in 159-OE when comparing with pk2 ovaries ( Figure S7 ), which may explain why 159-OE fruits are morphologically similar to control fruits ( Figure S4d and e). These results indicated that downregulation of SlGAMYB genes did not affect auxin or GA levels in preanthesis 159-OE ovaries, even if parthenocarpic fruits were generated ( Figure 3 ). It is possible that the miR159/SlGAMYB module acts regulating signalling pathways of these two phytohormones during preanthesis stages of ovary development.
The GA pathway regulates miR159/SlGAMYB module in preanthesis ovaries
Considering that GAMYB genes are components of the GA signalling pathway in cereal aleurone cells and during seed germination (Gubler et al., 1995) , we initially investigated whether GA regulates miR159 and SlGAMYB1 and -2 transcript levels during ovary development by altering GA levels through gibberellic acid (GA 3 ) application. As expected, GA 3 treatment of unpollinated ovaries led to fruit set. Surprisingly, GA 3 treatment repressed SlGAMYB1 expression in preanthesis ovaries, but miR159 and SlGA-MYB2 transcript levels did not change (Figure 4a ). Tomato MT plants overexpressing the GIBBERELLIN20-OXIDASE gene (GA20ox-OE plants) display high levels of active GA and facultative parthenocarpy (Garc ıa-Hurtado et al., 2012). GA20ox is one of the enzymes that catalyses the last step of the active GA biosynthesis pathway (Yamaguchi, 2008) . While miR159 was upregulated, SlGAMYB1 was downregulated in preanthesis ovaries of GA20ox-OE plants. Conversely, SlGAMYB2 expression did not change in developing ovaries from GA20ox-OE lines when comparing with MT ovaries (Figure 4b ). It is possible that SlGA-MYB2 acts in ovary development through GA-independent pathways, though it remains to be demonstrated. The apparent contradiction regarding GAMYB regulation by GA was already demonstrated in Arabidopsis. Although GAMYB genes are known to be positively regulated by GA during seed germination, GA does not release GAMYB expression from miR159 regulation during Arabidopsis flowering (Alonso-Peral et al., 2010) , indicating the GAMYB regulation by GA depends on the developmental context. Our observations showed that increase levels of GA either by GA 3 application or in GA20ox-OE plants (Garc ıa-Hurtado et al., 2012) repress SlGAMYB1 transcript levels (Figure 4a and b) , suggesting that SlGAMYB1 expression is subject to a fine-tune regulation to sustain GA signalling in preanthesis ovaries. The parthenocarpic fruit formation observed in GA20ox-OE plants (Garc ıa-Hurtado et al., 2012) may be, at least in part, a result of low expression levels of SlGAMYB1 in preanthesis ovaries, similarly to what is observed in our 159-OE plants (Figures 2a and 4b) .
Several GA-regulated processes are controlled by DELLA protein, which is usually a repressor of GA responses (Richards et al., 2001) . However, it has been shown that, at least for Arabidopsis fruit set, GA signalling can occur via DELLA-independent pathways (Fuentes et al., 2012) . To determine whether the regulation of miR159-targeted GAMYB expression by GA in developing tomato ovaries is DELLA-dependent, we evaluated the expression patterns of miR159 and SlGAMYB1/2 in preanthesis ovaries of pro mutant introgressed into MT background (Lombardi-Crestana et al., 2012). pro harbours a mutation in SlDELLA (PROCERA) that leads to lower protein activity, probably reducing its interaction with downstream targets. As a result, pro plants present high rates of parthenocarpy (Bassel et al., 2008; Jasinski et al., 2008; Carrera et al., 2012) . In pro developing ovaries, miR159 expression and SlGAMYB2 transcript levels did not change. Conversely, SlGAMYB1 transcript levels were strongly reduced (~66-fold) in pro preanthesis ovaries (Figure 4c ). As pro plants apparently also have high levels of endogenous GA , our results confirmed that the GA pathway negatively regulates SlGAMYB1 in preanthesis ovaries (Figure 4) . Some lines of evidence suggest the control of miR159-targeted GAMYB expression by GA and DELLA is more complex than previously anticipated, and it is highly tissue-and developmental-regulated (Achard et al., 2004;  MT with (+ GA 3 ) or without (mock) GA 3 treatment (a). Expression analyses were also performed in MT (control) and GA20ox-OE ovaries (b), and MT (control) and pro mutant ovaries (c). Right panels show representative ovaries of MT in (a), and fruits of MT, GA20ox-OE and pro plants in (b, c) . RT-qPCR experiments used ovary tissues from mock (a) and from MT (b, c) as the reference sample (set to 1.0). Values are mean AE SD of three biological samples. Asterisks indicate a significant difference when compared with reference sample according to Student's t-test (two-tailed; *P < 0.05, **P < 0.01, ***P < 0.001). Pollination and the auxin pathway negatively regulate the miR159/SlGAMYB module Our results suggested that the miR159/SlGAMYB module plays a role in regulating fruit set by modulating GA responses in as early as À4 day ovaries (Figure 4) . In normal conditions, GA accumulates in tomato ovaries after pollination and promotes fruit set (Sjut and Bangerth, 1982) . Therefore, we evaluated the expression of miR159 and its targets in unpollinated ovaries at anthesis (0 DAP) and 5 days after manual pollination (5 DAP) of tomato cv. MT and M82 flowers. As expected, pollinated ovaries were able to grow out after 5 DAP (Figures 5a and S9 ). Transcript levels of miR159 and its targets were reduced in 5 DAP pollinated ovaries when comparing with unpollinated ovaries at anthesis from both cultivars (Figures 5a and S9 ), indicating that pollination and likely fertilization repress SlGAMYB expression to promote fruit set in tomato. Such negative regulation is probably independent of miR159, as SlGAMYB1 and -2 as well as several tomato miR159 nontargeted MYB genes have been recently shown to be downregulated after pollination (Tang et al., 2015) .
Not only GA but also auxin accumulate rapidly after pollination, and both hormones act as regulatory signals in early fruit development (Mapelli et al., 1978; O'Neill and Nadeau, 1997; Sundberg and Østergaard, 2009 ). To evaluate whether miR159-targeted SlGAMYB1/2 are regulated by auxin at early stages of ovary development, we analysed their expression patterns in the IAA9-inhibited or AS-IAA9 lines (Wang et al., 2005) . Interestingly, both SlGAMYB genes were downregulated in preanthesis ovaries of AS-IAA9 plants. For instance, the expression of SlGAMYB1 was reduced~13-fold in AS-IAA9 ovaries (Figure 5b) . The effect of SlIAA9 on SlGAMYB1/2 expression is largely independent of miR159, as miRNA accumulation did not change in ovaries of AS-IAA9 plants (Figure 5b ).
Similarly to previous reports (Serrani et al., 2008) , 2,4-dichlorophenoxyacetic acid (2,4-D) treatment of unpollinated ovaries led to fruit set. In line with the observed phenotype, auxin treatment repressed SlGAMYB1/2 expression. Interestingly, miR159 transcript levels were also severely reduced (~10-fold) in 2,4-D-treated unpollinated ovaries ( Figure S10 ), though it was not observed for AS-IAA9 plants (Figure 5b ). This discrepancy might be due to the fact that 2,4-D treatment triggers stronger auxin responses as it induces the degradation of multiple Aux/ IAA repressors during the auxin signalling pathway (Dharmasiri et al., 2005) . Taken together, our results suggest that auxin negatively regulates SlGAMYB gene expression in developing ovaries, perhaps via GA. This possibility is supported by previous results showing that auxin-induced tomato fruit set is partly mediated by GA signalling (Serrani et al., 2008) .
The miR159/SlGAMYB module is required for the proper expression of SlARF8a during ovary development
In Arabidopsis, high levels of GAMYB genes promote miR167 accumulation in flower organs, which leads to AUXIN RESPONSE FACTOR6 and -8 (ARF6/8) downregulation. The communication between these microRNA modules is crucial for flower maturation (Rubio-Somoza and Weigel, 2013). We then investigated whether these miRNA modules (miR159/GAMYB and miR167/ARF8) coordinatively regulate tomato ovary development. We identified GARE-like sites (TAACAAA) on the upstream regions of SlMIR167a and SlMIR167b precursors (Liu et al., 2014; Figure S11) , suggesting GAMYB binding (Gubler et al., 1995) . This observation raised the possibility that the regulation of the miR167/ARF8 module by miR159-targeted GAMYB genes is conserved in tomato. To test this hypothesis, we initially examined the expression patterns of miR167 and its target SlARF8a (Liu et al., 2014) in 159-OE, MT and pk2 preanthesis ovaries. MiR167 was downregulated in 159-OE developing ovaries, though it was slightly upregulated in pk2 ovaries when comparing with MT ovaries (Figure 6a ). Importantly, SlARF8a (Solyc03 g031970) was upregulated in 159-OE preanthesis ovaries when comparing with pk2 and MT ovaries (Figure 6b ), indicating that the cooperative action between these miRNA-controlled modules may be relevant not only for sepal, petal and stamen development (Rubio-Somoza and Weigel, 2013) , but also for ovary development and fruit set.
To support the interaction between miR159/GAMYB and miR167/ARF8 modules, we assessed the expression of miR167 and SlARF8a in preanthesis ovaries of 35S:MIM159 tomato plants. In such plants, miR159 activity is impaired by constitutive expression of target mimics ( Figure S12 ; Rubio-Somoza and Weigel, 2013) . 35S:MIM159 plants were taller than MT plants ( Figure S12a) , which may be a result of SlGAMYB1/2 deregulation in vegetative tissues leading to stem elongation (Tsuji et al., 2006) . All 35S:MIM159 tomato plants yielded seeded fruits (represented by line #21; Figure S12b ). The observed SlGAMYB1/2 deregulation in 35S:MIM159 preanthesis ovaries ( Figure S12c and d) may have led to the upregulation of miR167 and concomitant reduction in SlARF8a transcript levels (Figure 6c and d). These findings reinforced the existence of a coordinative action of these two unrelated miRNA modules (miR159/GAMYB and miR167/ARF8) during early stages of ovary development. However, future studies are necessary to determine whether the miR167/ARF8 module is directly regulated by the miR159/GAMYB module in tomato as it does in Arabidopsis (Rubio-Somoza and Weigel, 2013) .
Given that the miR159/GAMYB module is regulated by pollination (Figure 5 ), we assessed miR167 and SlARF8a expression in unpollinated MT ovaries at anthesis and 5 DAP. Strikingly, miR167 transcript levels were reduced (~3.5-fold) after pollination, whereas SlARF8a was upregulated (~3.3-fold) in 5 DAP ovaries (Figure 6e and f) . These results may reflect the fact that miR159-targeted GAMYB genes were downregulated after pollination (Figure 5 ), which could lead to reduced levels of miR167 transcripts and SlARF8a deregulation, similarly to what was observed in our 159-OE ovaries (Figure 6 ). Recently, Liu et al. (2016) showed that SlARF8 is upregulated by pollination and achieved its highest levels of expression 14-16 DAP, which strengthens the notion that proper ARF8 expression is essential during tomato fruit set.
DISCUSSION
MiR159-targeted GAMYBs have been previously shown to play a critical role in Arabidopsis flowering and flower organ development (Achard et al., 2004; Alonso-Peral et al., 2010; Rubio-Somoza and Weigel, 2013) , but their roles in fruit set were not previously described. Our expression studies revealed that miR159 is differentially expressed in tomato flower buds and in preanthesis ovaries (Figure 1 ). Such temporal modulation of miR159 expression may be crucial to fine-tune miR159-targeted SlGAMYB expression during early gynoecium development, as in preanthesis, ovary development involves active cell division and the establishment of tissue patterning and identity (Seymour et al., 2013) . Indeed, the magnitudes of SlGAMYB expression levels are modified in preanthesis 159-OE ovaries (Figure 2a) , which may lead to abnormal tissue patterning and growth. Moreover, miR159 accumulated mainly in meristematic tissues (placenta and ovules) of developing gynoecia, and could potentially regulate its targets in these tissues (Figure 1 ). Histological analysis demonstrated that 159-OE ovules displayed defects in embryo sac development (Figure 3) . MiR159-based regulation of SlGAMYB may be crucial for patterning of ovules to allow the ovary to adjust its proper growth during fruit set. Female reproductive competence requires structures derived from the carpel margin meristem (CMM; Cucinotta et al., 2014) , and miR159-targeted SlGA-MYB1/2 may control ovule primordia development from CMM through the regulation of AINTEGUMENTA and/or AINTEGUMENTA-like genes (Figure 3) . Although the lack of tomato ANT mutants precludes us to directly test this hypothesis, a previous study in rice showed that ANT was also strongly repressed in gamyb mutants displaying ovule developmental defects (Tsuji et al., 2006) . Thus, it is reasonable to presume that miR159-targeted SlGAMYB might interact with tomato AINTEGUMENTA-like genes in order to drive developmental progression of ovules (Figures 3 and S14) .
Tomato miR159-overexpressors exhibited fruits with obligatory parthenocarpy, which is, at least in part, due to ovule developmental defects (Figure 3c ). This phenotype is more severe than that observed in AtMIR159a-overexpressing Arabidopsis plants, which produce fertile siliques when pollinated with WT pollen (Achard et al., 2004) . This may be due to the high levels of miR159 accumulation observed in tomato 159-OE ovaries ( Figure S4a) , which would lead to severe downregulation of SlGAMYB1/2 (Figure 2a) . Nonetheless, we cannot exclude the possibility that additional miR159-targeted genes may exist in tomato. A miR159-targeted gene (Solyc12 g014120) not related to GAMYBs was reported in tomato, but it was not associated with parthenocarpy (Buxdorf et al., 2010) . This gene with unknown functions was not identified or validated among the miR159 targets expressed during tomato fruit development (Karlova et al., 2013) , though it was downregulated in 159-OE preanthesis ovaries ( Figure S13a) . Nevertheless, the expression of Solyc12 g014120 did not change in ovaries after GA 3 treatment ( Figure S13b) , reinforcing that Solyc12 g014120 may not be involved or has a minor contribution for fruit set. This possibility is supported by previous results showing that RNAi lines for Solyc12 g014120 did not display obvious seed or fruit phenotypes (Buxdorf et al., 2010) . Therefore, it is reasonable to presume that miR159-targeted GAMYBs are important for fruit set in tomato.
Gibberellins control fruit set, and it was previously shown that parthenocarpic fruits display high levels of this hormone (Gillaspy et al., 1993; Garcıa-Martınez and Hedden, 1997) . Transcript levels of SlGAMYB2 did not change, while SlGAMYB1 was downregulated after GA 3 treatment as well as in GA20ox-OE and pro developing ovaries (Figure 4) , suggesting the output of GA-based GAMYB transcriptional regulation depends upon the tissue/organ and the developmental context. This was also partially demonstrated in Arabidopsis, in which miR159-targeted MYB33 or MYB65 (closely related to SlGAMYB1/2; Figure S3) were not upregulated by GA in vegetative tissues upon GA treatment, despite the fact that the plants displayed clear physiological GA responses (Alonso-Peral et al., 2010) . We proposed that GA and/or GA-associated pathways regulate miR159-targeted GAMYB expression in ovary tissues to maintain a proper steady-state level of GA response during fruit initiation.
Tomato miR159-targeted GAMYBs were downregulated by pollination in developing ovaries (Figure 5a ), which likely reflect their transcriptional responses to increasing endogenous levels of GA and auxin after pollination/fertilization (McAtee et al., 2013) . Indeed, both SlGAMYB1 and -2 were downregulated in AS-IAA9 developing ovaries or after 2,4-D treatment of unpollinated ovaries (Figures 5b  and S7 ), indicating that SlGAMYB expression requires proper auxin signalling. However, it is not clear at this point how auxin-associated pathways may regulate the miR159/SlGAMYB module during ovule development and fruit set. It has been shown that tomato AS-IAA9 flowers display defects in ovule development as the integument fails in surrounding the nucellus. In wild-type plants, SlIAA9 transcripts are detected across all flower tissues, but they accumulated at higher levels in the placenta and in the inner part of the ovule integument (Wang et al., 2009) . Such expression patterns partially overlapped with those observed for SlGAMYB1 in developing wild-type ovules and placenta (Figure 1) , suggesting that miR159-targeted SlGAMYBs and SlIAA9 may share similar genetic pathways. This possibility is supported by the fact that SlGAMYB1/2 genes were strongly downregulated in AS-IAA9 developing ovaries, and that both AS-IAA9 and 159-OE transgenic plants displayed precocious fruit initiation and fruit set independent from pollination and fertilization (Figures 2 and 5 ; Wang et al., 2005) .
Another possible link between miR159-targeted SlGAMYBs and auxin signalling may be via the regulation of the miR167/ARF6/8 module. The interaction between these microRNA-controlled modules is crucial for Arabidopsis flower maturation (Rubio-Somoza and Weigel, 2013) . ARF6 and ARF8 transcripts accumulate in developing ovules and pollen of tomato wild-type ovaries at 4 days before anthesis (Liu et al., 2014) , and Arabidopsis plants overexpressing miR167-insensitive versions of ARF6/8 showed arrested ovule development and, as a consequence, sterile flowers (Wu et al., 2006) . Moreover, high transcript levels of ARF8 were recently shown to induce fruit set in eggplant independently from pollination/fertilization, perhaps via dosedependent competitive interference to directly activate an alternative process leading to fruit initiation (Du et al., 2016) . A similar mechanism might also occur in tomato, as SlARF8a was upregulated in parthenocarpic 159-OE plants ( Figure 6 ). Our findings indicated that SlARF8a normal expression requires miR159-targeted SlGAMYB genes. This regulatory requirement is likely indirect, as altered miR159 or SlGAMYB expression also affects the accumulation of miR167 in developing ovaries (Figure 6 ), similarly to data from Arabidopsis (Rubio-Somoza and Weigel, 2013) . Together, our data support the idea that miR159/ SlGAMYB and miR167/SlARF8a modules function in the same pathway during tomato reproductive development. We propose a model in which the coordinated action of these unrelated miRNA-TF pairs, along with their interaction with other essential developmental factors (i.e. phytohormones and polinization/fertilization), may be critical during tomato ovule development and fruit set ( Figure S14 ).
The dissociation between ovule and carpel development is a long-sought goal in agriculture to generate seedless fruits easier to produce and to consume. Because 159-OE plants show precocious fruit initiation and obligatory parthenocarpy, it appears that in wild-type plants some SlGAMYB TFs prevent ovary development prior to pollination, without modifying hormone levels. Perhaps, SlGAMYBs act as negative regulators of GA and auxin responses. Reduction of SlGAMYB transcript levels (mainly SlGAMYB1) in the ovary below a certain threshold, either via miR159-based or hormone-based regulatory mechanisms, may allow the expression of downstream proliferating factors, which would otherwise await pollination-derived trigger(s) for their release. Therefore, manipulating GAMYB levels in developing flowers and ovaries from different plant species may be a useful tool to generate seedless fruits.
EXPERIMENTAL PROCEDURES Plant material and growth conditions
Near-isogenic lines of tomato (Solanum lycopersicum L. cv MicroTom or MT) wild-type, procera (pro), as wells as tomato cv. M82 were used in the experiments. Transgenic lines were generated in MT background and plants overexpressing GIBBERELLIN 20-OXI-DASE, IAA9-inhibited lines (AS-IAA9) as well as pro mutant were previously described in MT background (Wang et al., 2005; Garc ıa-Hurtado et al., 2012; Lombardi-Crestana et al., 2012; Figure S15) . Plants were grown under standard greenhouse conditions. Ovary and fruit tissues were collected based on flower developmental stages (Brukhin et al., 2003; Silva et al., 2014) . Preanthesis ovaries were collected at 4 days before anthesis (day À4).
Generation of transgenic tomato cv. MT plants
To search potential miR159 precursors in tomato, Arabidopsis mature miR159 sequences (miR159a, -b and -c) were retrieved from miRbase (Release 21, http:// www.mirbase.org) and used as a reference set. BLAST search analyses were done using the Solanaceae Genome Network Database (http://solgenomics.net/) according to parameters described by Zanca et al. (2010) . SlMIR159 secondary structure was further predicted by the mFOLD software (http://unafold.rna.albany.edu).
A 940-bp fragment encompassing the SlMIR159 precursor was amplified from tomato cv. MT genomic DNA, cloned into pENTR/ D Topo (Invitrogen, http://www.lifetechnologies.com), and further sequenced. Confirmed SlMIR159 was recombined into the binary vector pk7WG2.0 (Gateway system) behind the CaMV35S promoter. The binary vector harbouring p35S::SlMIR159 was transformed into Agrobacterium tumefaciens strain LBA4404. The empty vector pk7WG2.0 (Gateway system) was also used to generate empty vector control plants (referred to as pk2 plants). Genetic transformation was performed as described by Pino et al. (2010) . To confirm the phenotypes observed in plants overexpressing SlMIR159 (abbreviated as 159-OE), transformation was performed three times, including control plants carrying the empty vector (pk2 plants). In total, 58 kanamycin-resistant transgenic independent 159-OE lines and 24 lines carrying the empty vector (pk2 plants) were generated.
Artificial target mimics were generated as previously described (Franco-Zorrilla et al., 2007) . 35S:MIM159 construct was generated to harbour a target-mimic construct for tomato miRNA159 (Table S1 ) and introduced into tomato cv. MT plants as above-mentioned. Seven independent kanamycin-resistant transgenic lines were selected, and two were further evaluated at T3 generation. Primer sequences used in this study are shown in Table S2 .
Histological analysis
Samples of developing ovaries were fixed in Karnovsky solution (Karnovsky, 1965) , dehydrated in an increasing ethanol series (10-100%), and subsequently infiltrated with synthetic resin using a Historesin embedding kit (Leica, www.leica-microsystems.com), according to the manufacturer's instructions. Tissue sections were obtained using a rotary microtome (Leica) and stained with toluidine blue 0.05% (Sakai, 1973) . Permanent slides were mounted with synthetic resin (Entellan R , Merck).
In situ hybridization
Developing flowers (stages 2-6; Brukhin et al., 2003) and preanthesis ovaries at day À4 from MT plants were used for in situ hybridization as described by Javelle and Timmermans (2012) . Locked nucleic acid (LNA) probes with sequences complementary to miR159a (5 0 -TAGAGCTCCCTTCAATCCAAA) and negative control (scrambled miR, 5 0 -GTGTAACACGTCTATACGCCCA-3 0 ) were synthesized by Exiqon (http://www.exiqon.com/), and digoxigenin (DIG)-labelled using a DIG oligonucleotide 3 0 -end labelling kit (Roche Applied Science, https://www.roche-applied-science.com). Ten picomoles of each probe was used for each slide. Probe for SlGAMYB1 (Solyc11 g072060) was used as described by Javelle and Timmermans (2012) at 0.5 ng lL À1 kb
À1
. Hybridization and washing steps were performed at 55°C as described by Javelle and Timmermans (2012) .
RNA extraction and stem-loop pulsed quantitative reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA was extracted from developing ovaries at day À4 and day 5 (postanthesis), flower bud and young fruits using Trizol reagent (Invitrogen) according to the manufacturer's instructions, and treated with DNase I (Invitrogen). DNase I-treated RNA (2.0 lg) was reverse-transcribed to generate first-strand cDNA, as described previously (Varkonyi-Gasic et al., 2007) . PCR reactions were performed using Platinum SYBR Green qPCR SuperMix UDG (Invitrogen) and analysed in a Step-OnePlus real-time PCR system (Applied Biosystems, https://www.appliedbiosystems.com). Tomato TUBULIN (Solyc04 g081490) and SAND (Solyc03 g115810) were used as internal controls (Exposito-Rodriguez et al., 2008; Mounet et al., 2009) . PCR products for each primer set were subjected to melt-curve analysis, confirming the presence of only one peak on thermal dissociation generated by the thermal denaturing protocol. Three technical replicates were analysed for three biological samples (each comprising 10 ovaries), together with template-free reactions as negative controls. The threshold cycle (CT) was determined, and fold-changes for each gene were calculated using the equation 2
ÀDDct (Livak and Schmittgen, 2001) . Primer sequences used in this study are shown in Table S2 .
Pollination experiments and determination of parthenocarpic capacity
To determine parthenocarpic capacity, 10 flowers per plant were selected from five independent 159-OE transgenic lines, and 10 flowers per plant from MT and pk2 (n = 20 plants). These flowers were emasculated 2 days before anthesis to prevent self-pollination, and the fruit set capacity was evaluated.
Ten flowers per plant were selected from five and three independent 159-OE and pk2 transgenic plants, respectively. Flowers were emasculated 2 days before anthesis to prevent self-pollination, and were further manually pollinated with pollen from tomato cultivars MT and M82.
Hormone quantification
Ten-15 preanthesis ovaries (day À4) per plant from 159-OE and pk2 plants were used. Material was frozen immediately in liquid N 2 before storage at À70°C, until further analysis. Hormone extraction and analysis were performed according to Mart ınez- Bello et al. (2015) . Briefly, aliquots of 100 mg fresh weight were homogenized and suspended in 80% methanol-1% acetic acid, containing deuterated-labelled hormones as internal standards, mixed by shaking during 1 h at 4°C and kept at À20°C overnight. The extract was passed through an Oasis HLB (reverse phase) cartridge as described in Seo et al. (2011) . The dried eluate was dissolved in 5% acetonitrile-1% acetic acid, and the hormones separated by UPHL chromatography (Thermo Scientific) with a 5-50% acetonitrile gradient containing 0.05% acetic acid, at 400 lL min À1 over 14 min. The concentrations in the extracts were analysed with a Q-Exactive mass spectrometer (ThermoFisher Scientific) by targeted SIM using embedded calibration curves and the Xcalibur 2.2 SP1 build 48 and TraceFinder softwares.
Hormone treatments
We used 27-day-old MT plants grown in the greenhouse. GA 3 (Sigma-Aldrich) and 2,4-D (Duchefa) were first dissolved in 10 lL of 5.0% ethanol and 0.1% Tween 80 solution. The GA 3 concentration used was 10 À4 M, and the 2,4-D concentration was 10
Unpollinated ovaries from 30 plants were treated during 3 days, and a total of three applications and 10 ovaries per plant were used. As a control group (mock), we used 10 ovaries from 10 plants, to which we added the same amount of 5.0% ethanol and 0.1% Tween 80 solution.
Fruit and ovule measurements
Twenty fruits from three 159-OE plants (#5, #7 and #10) and 20 fruits from pk2 control plants were used to measure fruit axes. The morphometric analysis of the ovules (Sage et al., 2006) was performed in preanthesis ovaries from MT, pk2#1, 159-OE#5 and 159-OE#7 plants. Serial ovary sections were used to identify ovules cut in the middle plane. Only those ovules were used for further measurements. Median longitudinal sections of ovules and the enclosed embryo sacs were used to quantify the area of ovules and embryo sacs as described (Sage et al., 2006 ). An average of 60 ovules from six ovaries of each plant were used. All measurements were made using the ImageJ software version 1.4.1.
Statistical methods
Statistical analyses were done using the Assistat program release 7.7 for Windows. Data were analysed by using two-tailed Student's t-test and one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001).
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